The stereoselectivity of cycloadditions involving 3-methyleneoxindole and 2-azadienes can be controlled by solvent polarity and by Lewis or Brønsted acid catalysis. The improvements in selectivity are advantageous for the synthesis of spiroquinazoline alkaloids such as alantrypinone and lapatin B.
Hetero-Diels-Alder reactions provide a stereoselective and convergent approach to the synthesis of complex heteroatom-containing architectures such as the alkaloids. 1 In particular, spiropolycyclic alkaloids 2 such as lapatin B (1), alantrypinone (2), and fumiquinazoline C (3), which contain pyrazinoquinazolinedione and oxindole derived subunits, represent a synthetic challenge owing to the subtle stereoselectivity issues associated with the construction of the spiro junction ( Figure 1 ).
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Figure 1 Spiropolycyclic alkaloids
In an earlier communication, 5 we reported the synthesis of (±)-lapatin B by implementing Kende's elegant approach to the synthesis of (±)-alantrypinone. 3 Lapatin B and alantrypinone arise from an exo orientation of dienophile 6 in the Diels-Alder cycloaddition with dienes 4 and 5, respectively (Scheme 1). We obtained cycloadducts 8 and 10 in a 37:63 exo/endo ratio, which is opposite to that observed by Kende (75:25 ratio) . However, we found that solvent polarity, 6 and Brønsted and Lewis acid 7 catalysis are powerful means of controlling the stereoselectivity of these reactions. In this communication, we provide the results of experimental and computational studies which suggest an explanation for the remarkable ability of Lewis and Brønsted acids to favor either the exo or endo adduct selectively.
The stereoselectivity of this reaction was investigated by using DFT methods. 8, 9 Structures of exo (TS8) and endo (TS10) transition states, and their corresponding activation enthalpies in the gas phase and in chloroform are shown in Table 1 . In the gas phase, the barriers for the concerted cycloaddition processes are 14.6-16.5 kcal/mol; the formation of the cycloadducts is exothermic by ca. 10 kcal/mol. Both transition states are concerted but highly asynchronous. The forming bond distances differ by more than 1 Å, with a partial C-C bond involving the alkene terminal carbon being more fully formed. Inclusion of solvent (CHCl 3 ) increases the barriers by 5-6 kcal/mol and decreases the reaction exothermics by 2-3 kcal/mol. While zwitterions might participate in highly polar solvents, the reactions are thought to involve highly polar transition states that lead directly to Diels-Alder adducts. Nevertheless, a zwitterionic intermediate could be located that corresponds to an exo orientation and a dihedral angle around the newly formed C-C bond of -60° between the two carbon substituents of that bond. Formation of this intermediate is 18.2 kcal/mol greater than the separate diene and dienophile groundstate in CHCl 3 . However, formation of the cycloadduct by collapse of the zwitterionic intermediate cannot occur in this orientation. Rotation around the initially formed C-C bond occurs via a transition state (TS) that is 3.7 kcal/mol higher in energy than the exo concerted TS (TS8).
We recently showed that an alternative bis-pericyclic Diels-Alder pathway, rather than separate competing pathways, may occur when Diels-Alder and heteroDiels-Alder reactions compete. 10 As a result, the possibility that endo adduct 10 is formed from oxa-Diels-Alder cycloadduct 11 through a [3,3]-sigmatropic shift was explored (Scheme 2). In chloroform, cycloadduct 11 is 16.5 kcal/mol higher in energy than 10. The [3,3]-sigmatropic shift TS connecting the two cycloadducts is 2.3 kcal/mol above aza-Diels-Alder TS10, which prevents this alternative pathway from being competitive with the direct aza-Diels-Alder reaction to form 10.
In the gas phase, transition structure TS10 is lower in energy by ca. 2 kcal/mol, which is consistent with the endo preference observed. Exo and endo cycloadducts 8 and 10 are nearly equal in energy (ΔΔH rxn = 0.3 kcal/mol). Under kinetic control, in non-polar solvents, exclusive formation of the endo product 10 is predicted. However, the exo transition structure, TS8, has a significantly greater dipole moment than the corresponding endo transition structure (TS10; Table 1 ), so that increasing solvent polarity will preferentially stabilizes exo TS8. The effects of solvent polarity on cycloaddition stereoselectivities were investigated computationally for chloroform, dichloromethane, and the more polar solvent, acetonitrile (Table 2 ). In dichloromethane, the experimental and predicted diastereomeric ratios were nearly 1:1, whereas in acetonitrile the exo adduct was slightly favored. Since solvent variation produces, at best, low improvement in selectivity, the role of Lewis acid catalysis was explored experimentally (Table 3) . Lewis acid catalysis has been shown to be especially effective for heteroDiels-Alder reactions.
7
Most Lewis acids were found to favor the exo diastereomer in the reaction of 5 with 6 (Table 3 , entries 1-6). Lewis acids Yb(OTf) 3 (entry 8) and Eu(fod) 3 (entry 9) led to a dramatic increase of endo selectivity. Remarkably, triflic acid strongly favored formation of the exo isomer. Indeed, the reaction of methyleneoxindole (6) and azadiene 5, at -20°C in dichloromethane, in the presence of 0.2 equivalents of triflic acid gave the exo iminoether 8 with ≥98:2 selectivity (entry 7). Moreover, the same experiment run at room temperature proceeded directly to the exo amide (±)-alantrypinone (2) (the result of hydrolysis of 8), which was isolated in 69% yield.
Boron trifluoride was used as a model for the computational study to determine the effect of Lewis acids on the stereoselectivities of these reactions (Table 4) . Both transition states are concerted but even more highly asynchronous than the thermal reaction. In the gas phase, the endo transition structure TS13 is lower in energy by 2.5 kcal/mol. However, in dichloromethane, the exo transition structure TS12 is slightly favored by ca. 0.5 kcal/mol. As with the uncatalyzed reaction (Table  1) , dichloromethane increases the preference for the exo diastereomer. In addition, coordination of the Lewis acid BF 3 with the dienophile induces a dramatic enhancement in the dipole moments of the transition states, TS12 and TS13, and increases the difference between the dipole moments of the exo and endo transition states. This combined effect of the Lewis acid together with the solvent polarity is responsible for the enhanced selectivity in the BF 3 -mediated reaction.
The origin of the stereoselectivity in the Brønsted acid catalyzed Diels-Alder reaction was also explored computationally (Table 5) . Protonation of dienophile 6 by triflic acid lowers its LUMO and increases its reactivity in Diels-Alder reactions.
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In the gas phase, there is an approximate 8.5 kcal/mol preference for the exo transition state TS-I (14; Table 5 ). Formation of a zwitterionic intermediate Int is followed by a low-barrier TS-II collapse to product 8. In contrast to the BF 3 -mediated cycloaddition, the large exo preference can be attributed to the presence of an intermolecular hydrogen bond in transition state TS-I (14). In the most favorable of the endo approaches, TS-I (15), an intermolecular hydrogen bond with the ethoxy group cannot be established (H···OEt distance 2.63 Å). A reasonable geometric arrangement for an intermolecular hydrogen bond increases the strain in the incipient C-C bond. Given that ethoxy oxygen is not a strong hydrogen bond acceptor, 12 a hydrogen bonding interaction with the ethoxy oxygen does not offset the increase in strain. Inclusion of solvation free energies for dichloromethane in the reaction energetics revealed a significant stabilization of second transition states (TS-II; Table 5 ). The second transition state becomes lower in energy than the zwitterionic intermediates (Int; Table 5 ); consequently, the reaction follows a concerted but highly asynchronous pathway. As expected, the H-bonding interaction is attenuated in solvent with respect to that in the gas phase [ΔΔH ‡ (TS-I) > 8 kcal/mol in the gas phase]. However, exo TS-I (14) is still preferred by more than 3 kcal/mol over endo TS-I (15), which is consistent with the complete exo selectivity seen in the experiments. Compared to the uncatalyzed reaction (Table 1 ), the energy difference between TS-I (14) and TS-I (15) is too large for the solvent to have an observable effect on the stereoselectivity.
The results show that the stereoselectivity of cycloadditions involving 3-methyleneoxindole and 2-azadienes can be controlled by solvent polarity and by Lewis or Brønst-ed acid catalysis, thus providing powerful tools for future successful applications in the total synthesis of spirocyclic alkaloids. 
